␤ 1 -and ␤ 2 -adrenoceptors in heart muscle cells mediate the catecholamine-induced increase in the force and frequency of cardiac contraction. Recently, in addition, we demonstrated the functional expression of ␤ 3 -adrenoceptors in the human heart. Their stimulation, in marked contrast with that of ␤ 1 -and ␤ 2 -adrenoceptors, induces a decrease in contractility through presently unknown mechanisms. In the present study, we examined the role of a nitric oxide (NO) synthase pathway in mediating the ␤ 3 -adrenoceptor effect on the contractility of human endomyocardial biopsies. The negative inotropic effects of a ␤ 3 -adrenoceptor agonist, BRL 37344, and also of norepinephrine in the presence of ␣ -and 
Introduction
Recently, we provided evidence for the functional expression of a third ␤ -adrenoceptor subtype, ␤ 3 , in human ventricle (1) , suggesting that at least three ␤ -adrenoceptor populations can modulate human cardiac function. In the human heart, both ␤ 1 -and ␤ 2 -adrenoceptors mediate an increase in heart rate, contraction force, and acceleration of relaxation (2) . To a large extent, these effects result from an elevation of intracellular cAMP after adenylyl cyclase stimulation through G s proteins (3) . In contrast with ␤ 1 -and ␤ 2 -adrenoceptors, stimulation of the ␤ 3 -adrenoceptor in human ventricular muscle reduces contractile force through an as yet undetermined mechanism (1) .
Several intracellular pathways may mediate a decrease in cardiac contractility. Among them, increasing evidence indicates that nitric oxide (NO) 1 endogenously produced within heart cells plays a functional role in decreasing cardiac contraction in response to activation of the autonomic nervous system (for reviews see references 4 and 5) . NO is produced by two constitutively expressed, calcium-sensitive isoforms and one inducible, calcium-insensitive isoform of NO synthase (NOS) that catalyze the oxygen-and NADPH-dependent oxidation of the cationic acid, L -arginine, leading to the production of L -citrulline. Specific mRNAs and proteins have been identified for both endothelial constitutive NOS (eNOS) and inducible NOS (iNOS) in ventricular myocytes from different species, including humans (6, 7) . Experiments with various models have shown that activation of the NO pathway attenuates the effect of submaximal concentrations of catecholamines in the heart (7) (8) (9) (10) . Of interest, this has also been confirmed in patients with left ventricular dysfunction (11) . Conversely, the NO-dependent parasympathetic attenuation of adrenergically stimulated calcium current is completely abolished in transgenic mice in which the eNOS gene has been disrupted (eNOS Ϫ / Ϫ ; 12). Altogether, these studies emphasize the role of NO as a second messenger opposing the classical positive inotropic (and chronotropic) action of catecholamines in the heart, at least at concentrations likely to be generated endogenously within ventricular muscle.
Since ␤ 3 -adrenoceptor stimulation induces effects (mainly decreased contractility) similar to those of NO in cardiac muscle, this study investigated the role of the NO pathway in mediating the effect of ␤ 3 -adrenoceptor stimulation in human ventricular muscle. Concurrent analyses of the effects of NOS inhibition on contractile parameters, intracellular cGMP levels, and NO production showed that the negative inotropic effect of ␤ 3 -adrenergic agonists is mediated by activation of NO synthesis, probably through eNOS identified by immunohistochemistry in human endomyocardial biopsies.
Methods
Human ventricular biopsies. All protocols were approved by the Ethics Committee of the Centre National de la Recherche Scientifique (France). 54 human endomyocardial biopsies were obtained from the right interventricular septum of cardiac transplant patients (43 men and 11 women; mean age 51.3 Ϯ 1.6 yr) during right jugular vein catheterization performed routinely to detect possible rejection. None of the patients showed evidence of cardiac rejection. All received immunosuppressive therapy (azathioprine, prednisolone, and cyclosporine). In addition, 16 were given a calcium antagonist, 4 a ␤ -adrenoceptor antagonist, 6 an ␣ -adrenoceptor antagonist, and 12 a diuretic. 23 had not undergone treatment known to produce cardiovascular effects. The effects of ␤ 3 -adrenoceptor agonists obtained in biopsies from patients under these different treatments were similar to those obtained in biopsies from patients not receiving these drugs. Contractility measurements. Tissues were placed in a transport solution containing (mM) 120 NaCl, 5 KCl, 1 CaCl 2 , 1.1 MgCl 2 , 0.33 NaH 2 PO 4 , 5 glucose, and 10 Hepes (pH being adjusted to 7.4 with NaOH) and quickly conveyed to the laboratory. Preparations were then placed in an experimental chamber and superfused at a flow rate of 5 ml/ min with oxygenated (95% O 2 , 5% CO 2 ) Tyrode's solution (37 Ϯ 0.5 Њ C) composed as follows (mM): 120 NaCl, 5 KCl, 2.7 CaCl 2 , 1.1 MgCl 2 , 0.33 NaH 2 PO 4 , 5 glucose, and 27 NaHCO 3 . Tissues were subjected to field stimulation at a frequency of 0.6 Hz. Stimulus pulse width was 1-2 ms, and amplitude was twice the diastolic threshold. Tension was recorded using a mechanoelectric force transducer (Akers, AE 801; SensoNor, Horten, Norway), as described previously (13) . After a 60-min equilibration period, the cumulative dose-response curves of ␤ 3 -adrenoceptor agonists were determined by superfusion with successive increasing concentrations of the drugs. For all concentrations, tension was measured at steady state using a digital storage oscilloscope (model 400; Gould, Les Ullis, France), a strip chart recorder (model 8188; Gould), and a digital tape recorder (model DTR-1200; Biologic, Claix, France).
cGMP assay. Frozen heart samples were weighed and homogenized by Polytron in ice-cold 6% TCA. After centrifugation at 1,000 g for 10 min at 4 Њ C, TCA was extracted by washing the supernatants five times with 250 l of water-saturated ether. The remaining ether was evaporated overnight, and cGMP contents were measured using an enzyme immunoassay kit (Biotrak; Amersham Life Science, Arlington Heights, IL). Absorbance was read on a spectrophotometer (SLT-Spectra microplate reader; SLT Labinstruments GmbH, Salzburg, Austria) at 450 nm. A standard relation curve was drawn for each experiment. The mean value was calculated from duplicate measurements of each sample.
Measurements of NO production. For the experiments involving NO measurement, endomyocardial biopsies were incubated in exactly 0.5 ml of Tyrode's solution. NO production in the organ bath was measured using an electrochemical sensor (WPI, Sarasota, FL). 50-l aliquots of Tyrode's solution containing the contracting endomyocardial biopsies were mixed with 150 l of H 2 SO 4 /KI in 96-well plates in which the tip of the sensor was immersed. NO was generated equimolarly from nitrite, according to the reaction 2 KNO 2 ϩ 2 KI ϩ 2H 2 SO 4 → 2NO ϩ I 2 ϩ 2H 2 O ϩ 2K 2 SO 4 (Eq. 1), and oxidized at the tip of the electrochemical sensor to generate an oxidation current proportional to the concentration of NO in each aliquot. Before measurements, the electrode was calibrated under identical experimental conditions (i.e., temperature, volume of sample covering the sensor tip) using the same chemical generation of NO as above (Eq. 1) with known concentrations of KNO 2 . Control aliquots of freshly prepared Tyrode's solution (as in the contractility experiments) showed no background current suggestive of electroactive components in the solution. Similarly, no signal was detected when the sensor was immersed in Tyrode's solution not conditioned by any tissue but to which BRL 37344 (up to 1 M), L-NMMA (at 1 mM), or both had been added.
To determine the NO produced by the endomyocardial biopsies, aliquots of Tyrode's solution were taken sequentially from the organ bath after the initial equilibration period under control conditions and 10 min after the addition of BRL 37344 (1 M) with or without L-NMMA (10 M). Absolute concentrations of NO were measured in both conditions and the results were expressed as increases in NO over baseline for each biopsy.
Immunohistochemical analysis of NOS. Immunohistochemical localization of eNOS and iNOS was performed on cryostat sections of snap-frozen human endomyocardial biopsies using a previously described method (7) . A specific mouse monoclonal antibody to eNOS (Transduction Labs, Lexington, KY), and two mouse monoclonal (clones 6 and 54; Transduction Labs) and three rabbit polyclonal (Transduction Labs; ABR, Golden, CO; and Biomol, Plymouth Meeting, PA) antibodies to iNOS were used as primary antibody, followed by detection with an avidin-biotin complex immunoperoxidase method and localization using diaminobenzidine as chromogen. Control experiments were run in parallel with normal mouse IgG as primary antibody.
Duplicate sections were also examined independently for histological signs of immune rejection and a score of rejection was assigned on a scale of 1 to 3, with 3 representing the maximal severity of rejection.
Statistics. Results are expressed as the mean Ϯ SEM of n experiments. The statistical significance of the drug effect was assessed using one-way ANOVA followed by a Dunnett test. Comparison of the different dose-response curves was performed by two-way ANOVA.
Results
Negative inotropic effect of ␤ 3 -adrenoceptor stimulation: effect of methylene blue. BRL 37344, a ␤ 3 -adrenoceptor agonist, induced a dose-dependent negative inotropic effect at concentrations ranging from 0.1 nM to 1 M (Fig. 1 , A and C ). The pD 2 value was 8.41 Ϯ 0.21 ( n ϭ 7). The maximum effect obtained at a concentration of 1 M decreased peak tension by 55.7Ϯ3.7% (P Ͻ 0.01, n ϭ 7) below the control level. This decrease in peak tension was associated with an abbreviation of the twitch. At 1 M, BRL 37344 decreased total twitch duration from 532Ϯ45 to 463Ϯ38 ms (P Ͻ 0.01, n ϭ 7), time-topeak from 191Ϯ18 to 169Ϯ17 ms (P Ͻ 0.01, n ϭ 7), half-contraction time from 81Ϯ7 to 72Ϯ7 ms (P Ͻ 0.01, n ϭ 7), and half-relaxation time from 150Ϯ12 to 123Ϯ11 ms (P Ͻ 0.01, n ϭ 7).
The dose-response curve of BRL 37344 was then performed in the presence of methylene blue (10 M), an agent that inhibits activation of soluble guanylyl cyclase by NO in various biological systems (14, 15) . A 30-min pretreatment of methylene blue alone had no significant effect on basal peak tension (52.4Ϯ8.8 and 49.7Ϯ9.1 N in control and methylene blue-treated biopsies, respectively; n ϭ 8). However, the negative inotropic effect of the ␤ 3 -adrenoceptor agonist was strongly reduced in the presence of this agent (P Ͻ 0.01 vs. BRL 37344 alone; Fig. 1 , B and C). In these conditions, 1 M BRL 37344 decreased peak tension by only 24.4Ϯ3.7% (P Ͻ 0.01 vs. control, n ϭ 8), and the effects on twitch time course were abolished. The pD 2 value for BRL 37344 was not modified by pretreatment with methylene blue (8.41Ϯ0.32, n ϭ 8).
Effect of NOS inhibitors on the response of human ventricular muscle to ␤ 3 -adrenoceptor stimulation. To characterize the involvement of an NOS pathway in the negative inotropic effect of ␤ 3 -adrenoceptor stimulation, we determined whether the NOS inhibitors, L-NAME and L-NMMA, modified the contractile response to BRL 37344. None of these compounds had any significant effect on the basal peak tension of human endomyocardial biopsies after a 20-min pretreatment (87.0Ϯ 19.7 and 82.8Ϯ18.3 N in control and 100 M L-NAME, respectively, n ϭ 9; 191.3Ϯ26.7 and 185.6Ϯ26.7 N in control and 10 M L-NMMA, respectively; n ϭ 5). As illustrated in Fig. 2 , these NOS inhibitors markedly attenuated the dosedependent effects of the ␤ 3 -adrenoceptor agonist without modifying its pD 2 value significantly (8.11Ϯ0.28, n ϭ 9 and 7.77Ϯ0.22, n ϭ 5 in the presence of L-NAME and L-NMMA, respectively). A 20-min pretreatment of endomyocardial biopsies with L-NAME (100 M) or L-NMMA (10 M) reduced the negative inotropic effect of 1 M BRL 37344 to Ϫ21.9Ϯ 4.1% (n ϭ 9) and Ϫ22.6Ϯ4.3% (n ϭ 5) of control values, respectively (P Ͻ 0.01 vs. BRL 37344 alone). As with methylene blue, these inhibitors abolished the effects of BRL 37344 on the twitch time course.
Reversal of the effect of NOS inhibitors on ␤ 3 -adrenoceptor stimulation with L-arginine.
In further studies to ascertain the specificity of L-NMMA and L-NAME effects on NO synthesis, we tested the reversibility of their action using an excess of either L-arginine, the substrate for NOS, or its enantiomer, D-arginine. The addition of 3 mM D-arginine, which is not used as a substrate by NOS, did not modify the inhibitory effect of L-NMMA on ␤ 3 -adrenoceptor stimulation (data not shown). At the same concentration, L-arginine alone marginally reduced basal peak tension (285.0Ϯ41.1 and 257.9Ϯ50.7 N in control and L-arginine-treated biopsies, respectively; n ϭ 5; P was not significant). However, in the presence of both L-NMMA (10 M) and L-arginine (3 mM) in the superfusion solution, the negative inotropic effect of ␤ 3 -adrenoceptor stimulation was partially restored (Fig. 2 , B and C; P Ͻ 0.05 vs. L-NMMA). In the latter condition, 1 M BRL 37344 decreased peak tension by 45.2Ϯ3.8% (P Ͻ 0.01 vs. control, n ϭ 5).
␤ 3 -adrenergic effects of norepinephrine. All experiments with norepinephrine were done in the presence of prazosine (1 M). Under these conditions, norepinephrine (n ϭ 8) induced a dose-dependent increase in contractility (pD 2 ϭ 6.24Ϯ0.23) and produced an acceleration of the twitch. At the concentration producing the maximal effect (7 M), norepinephrine increased peak tension by 244Ϯ27% (P Ͻ 0.01) and accelerated the twitch, decreasing total duration from 460Ϯ19 to 419Ϯ21 ms (P Ͻ 0.01), time-to-peak from 166Ϯ10 to 139Ϯ5 ms (P Ͻ 0.01), half-contraction time from 74Ϯ6 to 65Ϯ3 ms (P Ͻ 0.05), and half-relaxation time from 109Ϯ8 to 88Ϯ4 ms (P Ͻ 0.01). In the presence of both prazosine and 10 M nadolol, a potent ␤ 1 -and ␤ 2 -adrenoceptor antagonist, the positive inotropic effect of norepinephrine was inverted to a negatively inotropic effect. Under these conditions, norepinephrine decreased contractility at concentrations ranging from 0.7 to 10 M (pD 2 ϭ 5.70Ϯ0.14; n ϭ 11). At 10 M norepinephrine, peak tension was decreased by 37.9Ϯ5.7% (P Ͻ 0.01). This effect was associated with a reduction in total twitch duration from 532Ϯ21 to 509Ϯ22 ms (P Ͻ 0.05), time-to-peak from 188Ϯ10 to 177Ϯ10 ms (P Ͻ 0.01), half-contraction time from 76Ϯ4 to 69Ϯ5 ms (P Ͻ 0.05), and half-relaxation time from 147Ϯ9 to 138Ϯ9 ms (P Ͻ 0.01). Importantly, this negative inotropic effect was also attenuated after NOS inhibition (Fig. 3, inset) . After 20 min of pretreatment with 10 M L-NMMA, 10 M norepinephrine in the presence of nadolol decreased peak tension only by 23Ϯ3% (n ϭ 6, P Ͻ 0.05 vs. norepinephrine plus nadolol in the absence of L-NMMA).
Effect of ␤ 3 -adrenergic stimulation on NO production in human endomyocardial biopsies. Baseline production of NO in the absence of agonist resulted in concentrations ranging from 378 to 4,180 nmol/liter of NO in the organ bath (n ϭ 9). In four biopsies obtained from four different patients, BRL 37344 (1 M) increased NO production by 218Ϯ16% over baseline levels (patients 1-4, see Fig. 4 A) . No increase was observed with BRL 37344 in two biopsies from other patients, and another did not respond to either BRL 37344, acetylcholine, or isoproterenol (each at 1 M, data not shown). In two additional biopsies from the patients who responded to the ␤ 3 -adrenoceptor agonist (patients 1 and 2), preincubation with 10 M L-NMMA abolished the increase with BRL 37344 (Fig. 4 A) .
Effect of ␤ 3 -adrenoceptor stimulation on NOS-dependent intracellular cGMP levels. Intracellular cGMP levels were determined in human endomyocardial biopsies in experimental conditions identical to those used in contractility studies (Fig. 4  B) . Superfusion with 1 M BRL 37344 produced a significant increase in cGMP above control levels (control ϭ 0.048Ϯ 0.023; n ϭ 7; BRL 37344 ϭ 0.147Ϯ0.031 fmol/mg wet weight, n ϭ 11; P Ͻ 0.05 vs. control). The effect of BRL 37344 on cGMP levels was abolished by pretreatment of the biopsies with 10 M L-NMMA (0.077Ϯ0.025 fmol/mg wet weight; n ϭ 7; P Ͻ 0.05 vs. BRL 37344 alone) or 100 M L-NAME (0.024Ϯ0.005 fmol/mg wet weight; n ϭ 6; P Ͻ 0.05 vs. BRL 37344 alone). Addition of 3 mM L-arginine to 10 M L-NMMA completely restored the effect of BRL 37344 on cGMP levels (0.142Ϯ 0.031 fmol/mg wet weight; n ϭ 6). Isoproterenol (1 M), a nonselective ␤ 1 -, ␤ 2 -, and ␤ 3 -adrenoceptor agonist, produced an increase in cGMP level comparable to that of the preferential ␤ 3 -adrenoceptor agonist, BRL 37344 (0.174Ϯ0.076 fmol/ mg wet weight; n ϭ 6; P Ͻ 0.05 vs. control). To further ascertain the specificity of the effect of BRL 37344 on ␤-adrenoceptor stimulation for the observed increase in NO and cGMP production, we examined the effect of the ␤-adrenoceptor antagonist, bupranolol, on the NO-dependent cGMP increases in human biopsies (Fig. 4 C) . The BRL 37344-induced increase in cGMP (309Ϯ65% above control level; n ϭ 11; P Ͻ 0.05 vs. control), which was markedly reduced after pretreatment with 10 M L-NMMA (163Ϯ52%; n ϭ 7; P Ͻ 0.05 vs. BRL 37344 alone) was also inhibited in the presence of the ␤ 1-3 - Figure 3 . Effects of L-NMMA on the ␤ 3 -adrenergic action of norepinephrine. All experiments were performed in the presence of 1 M prazosine. Dose-response curves were determined for the inotropic effects of norepinephrine performed on peak tension of human endomyocardial biopsies in the absence (open triangles, n ϭ 8) or in the presence of 10 M nadolol (filled circles, n ϭ 11). In the insert, bar graphs represent the negative inotropic effect of norepinephrine plus nadolol in the absence (filled bars, n ϭ 11) and in the presence of 10 M L-NMMA (hollow bars, n ϭ 6). Values are the meansϮSEM of n experiments. *P Ͻ 0.05 vs. control and **P Ͻ 0.01 vs. control.
adrenoceptor antagonist bupranolol (1 M; 141Ϯ33%; n ϭ 6; P Ͻ 0.05 vs. BRL 37344 alone). Finally, pretreatment of human biopsies with 0.5 g/ml pertussis toxin, a concentration which we had shown previously to abolish the negative inotropic effect of BRL 37344 (1), also fully inhibited the increase in cGMP with the same concentration (1 M) of BRL 37344 (105Ϯ14%; n ϭ 5; P Ͻ 0.05 vs. BRL 37344 alone).
Immunodetection of eNOS and iNOS in human ventricular muscle. The rejection score (RS) of the biopsy specimens ranged from 0 to 1 (RS ϭ 0: 76%; RS ϭ 0.5: 18%; and RS ϭ 1: 6%; n ϭ 54). A monoclonal antibody directed against human eNOS was used for immunohistochemical localization of eNOS in human ventricular muscle (Fig. 5) . No staining was detectable above background when the primary antibody was omitted or nonspecific mouse myeloma IgG was used. With the eNOS-specific antibody, a strong signal was detected in endothelial cells from the microvasculature and the endocardial layer. In addition, a distinct signal was observed in cardiac myocytes. No other cell type stained positively. We have also used several anti-iNOS antibodies that have been reported to cross to or become directed against human iNOS. With all five reagents, no specific labeling of the cardiac myocytes or endothelial cells was observed in any of five biopsies tested (data not shown).
Discussion
Our study demonstrates that ␤ 3 -adrenoceptor stimulation decreases human cardiac contractility through activation of an NOS pathway. This conclusion is based on several lines of evidence. The effect of a ␤ 3 -adrenoceptor agonist, BRL 37344, on contraction was inhibited both by a nonspecific NO blocker, methylene blue, and two different NOS inhibitors, L-NAME and L-NMMA. The latter also inhibited the negative inotropic effect of the naturally occurring norepinephrine in the presence of both ␣ 1 -and ␤ 1-2 -adrenoceptor blockade. Moreover, increases in NO production and intracellular cGMP levels were observed in similar preparations after treatment with the ␤ 3 -adrenoceptor agonist. These increases were also inhibited by NOS inhibitors and by bupranolol, a ␤ 1-3 -adrenoceptor antagonist. Finally, immunohistochemical analysis revealed the presence of abundant eNOS but not iNOS proteins in sections of human endomyocardial biopsies, suggesting that the NOS isoform involved in the inotropic effect of ␤ 3 -adrenoceptor stimulation is probably eNOS.
The effects of L-arginine analogues on contractile response to ␤ 3 -adrenoceptor stimulation were specifically due to NOS inhibition since they could be reversed by an excess of L-arginine, the natural substrate for the enzyme, whereas D-arginine, its enantiomer, was inactive. A similar reversal with L-arginine was observed for L-NMMA inhibition of the increases in cGMP induced by ␤ 3 -adrenoceptor stimulation. Moreover, none of these inhibitors, when applied alone, induced any change in basal muscle tension suggestive of unspecific contractile effect, or modified the pD 2 values for BRL 37344, rul-11) and in the presence of 10 M L-NMMA (n ϭ 7), 0.5 g/ml pertussis toxin (PTX, n ϭ 5), and 1 M bupranolol (n ϭ 6). The values given for each condition represent the mean of n individual experiments (SEM is indicated by bars). *P Ͻ 0.05 vs. control, ЊP Ͻ 0.05 vs. BRL 37344. Cumulative doseresponse curves were performed for the contractile effect of each agonist. cGMP contents were measured at the concentration producing the maximal contractile effect. (B) The effect of BRL 37344 (BRL) was analyzed in the absence or presence of the NOS inhibitors, L-NMMA and L-NAME. The reversibility of the inhibitory effect of these compounds was tested in the presence of an excess of L-arginine (3 mM). Bar graphs represent cGMP contents measured in Tyrode's solution (control, n ϭ 7); after addition of 1 M isoproterenol (n ϭ 6); or 1 M BRL 37344 alone (BRL, n ϭ 11); or BRL 37344 in the presence of 10 M L-NMMA (n ϭ 7); and BRL 37344 in the presence of 10 M L-NMMA plus 3 mM L-arginine (n ϭ 6); or BRL 37344 in the presence of 100 M L-NAME (n ϭ 6). (C) Bar graphs represent the intracellular cGMP levels expressed as percentage of control levels in biopsies treated with BRL 37344 (BRL) alone (n ϭ ing out unspecific interactions at the receptor level. Direct measurements with an NO-specific microsensor showed that increases in NO production with the ␤ 3 -adrenoceptor agonist were also inhibited by L-NMMA.
In a previous study (1), we had demonstrated that the classical positive inotropic effect of isoproterenol was inverted to a negative inotropic effect in the presence of nadolol (1), a ␤ 1 -and ␤ 2 -adrenoceptor antagonist with a low affinity for ␤ 3 -adrenoceptors (16, 17) . This suggested the presence of functional ␤ 3 -adrenoceptors in human ventricular muscle, which was confirmed by the detection of mRNA specific for the ␤ 3 -adrenoceptor subtype. This receptor is distinct from atypical ␤-adrenoceptor(s) described in cardiac tissue from some mammalian species or in human atria which, when stimulated by nonconventional partial agonists such as pindolol, oxprenolol, and CGP 12177, produce(s) cardiostimulatory effects (18) (19) (20) . Currently, this atypical pharmacological response is considered to be mediated by a fourth ␤-adrenoceptor (21, 22) for which characterization of a full-length cDNA is still lacking. Negative inotropic effects were also obtained with several ␤ 3 -adrenoceptor agonists, including BRL 37344 used in this study, with the following order of potency: BRL 37344 Ͼ SR 58611 Ͻ CL 316243 Ͼ CGP 12177 (1) . Importantly, we now show that the effect of BRL 37344 can be reproduced with the naturally occurring catecholamine, norepinephrine, at concentrations close to pathophysiologically relevant levels. The unveiling of the negative inotropic effect after blockade of the ␣ 1 -and ␤ 1-2 -adrenoceptors with prazosine and nadolol, respectively, most likely identifies it as a ␤ 3 -adrenoceptor effect.
The involvement of NO in the negative inotropic action after ␤ 3 -adrenoceptor stimulation is consistent with the effects of NO endogenously produced by eNOS in ventricular myocytes from several species (7, 9, 23) . In ventricular myocytes from adult rats, inhibition of eNOS with L-NAME resulted in a potentiation of the contractile response of these cells to isoproterenol, a nonspecific ␤-adrenoceptor agonist, suggesting that NO produces a countervailing action on the positive inotropic effect of catecholamines in the heart. Interestingly, eNOS inhibition in the absence of catecholamine had no detectable effect on baseline contractility of rat myocytes (9) , which is consistent with our results on the contraction of human endomyocardial biopsies in this study. Quantitatively similar results have been found in the in situ canine heart, in which an intracoronary infusion of L-NAME increased the maximum rate of rise of left ventricular pressure (dP/dtmax) in response to infusions of either dobutamine or isoproterenol (10) . These results in animal models have been reproduced in patients with left ventricular dysfunction in whom increases in left ventricular dP/dt in response to infusions of dobutamine were improved by intracoronary L-NMMA (24). Taken together, these findings indicate that catecholamines activate both positively inotropic and negatively inotropic pathways in human ventricular muscle as shown in this work with norepinephrine in the presence or absence of nadolol. This is best rationalized in terms of the concurrent activation of several populations of adrenoceptors, with ␤ 1 -and ␤ 2 -adrenoceptors mediating the classical positive inotropic effect while ␤ 3 -adrenoceptors mediate (perhaps not exclusively) a negative inotropic effect through NOS activation. Therefore, the net effect of the adrenergic input on cardiac inotropism is likely to be influenced by changes in the expression and coupling of each adrenoceptor subtype relative to the others, which are known to be differentially regulated in pathological conditions (25) . In this regard, it is worth noting that these studies were undertaken in denervated hearts which may not entirely reflect the biology of a normal myocardium. However, under our experimental conditions we did not detect significant expression of iNOS, which is also consistent with the absence of histological signs of transplant rejection in our samples. These observations suggest that ␤ 3 -adrenoceptor agonists increase NO production either through direct activation of a constitutively expressed NOS, most likely eNOS, or possibly through acute increases in L-arginine transport supplying the substrate for the enzyme. The regulation of the expression of ␤ 3 -adrenoceptors and eNOS in failing hearts is the object of ongoing studies in our laboratories.
The NO-mediated negative inotropic effect may involve several intracellular mechanisms. The observation that ␤ 3 -adrenoceptor stimulation and NO production are accompanied by increases in intracellular cGMP levels supports a role for this cyclic nucleotide in mediating the attenuation of cardiac muscle contraction. Intracellular pathways that may downregulate cardiac contractility in response to cGMP elevation include activation of cGMP-dependent protein kinases, which decrease calcium current through regulation of L-type calcium channels (26, 27) or decrease cardiac myofilament sensitivity to calcium (28) (possibly through phosphorylation of troponin I), and the activation of cGMP-stimulated phosphodiesterases (PDE II; 29) which decrease cAMP levels (30) . Alternatively, NO may regulate cardiac function in a cGMPindependent manner through covalent modifications of key proteins such as cytochrome c oxidase (31), creatine phosphokinase (32), or L-type calcium channel (33) . However, evidence from previous reports suggests that the relative importance of each pathway as well as the final effect on contractility may be profoundly influenced by parameters such as the experimental preparation, species, and region of the heart studied, as well as the concentration of NO or cGMP generated (for reviews see references 4 and 5). Interestingly, L-type calcium currents and contraction, which were increased by catecholamine stimulation in rat ventricular myocytes, were attenuated by muscarinic receptor stimulation through a mechanism involving both eNOS activation (34) and G 0 proteins (35) . Similarly, pretreatment of human ventricular biopsies with pertussis toxin abolished the effect of ␤ 3 -adrenoceptor stimulation both on cardiac contraction in our previous study (1) and on cGMP generation in this work (Fig. 4 C) , suggesting the involvement of a G i/0 protein (1). A more complete characterization of the G protein-mediated coupling of the ␤ 3 -adrenoceptor to eNOS activation in ventricular cells will await the results of further experiments which are currently ongoing.
In conclusion, this work demonstrates that ␤ 3 -adrenoceptor stimulation decreases human cardiac contractility through activation of an NOS pathway. These results may have considerable implications in our understanding of the pathophysiology of heart failure. This disease is characterized by high adrenergic tone and impaired ␤-adrenergic responsiveness, resulting in part from a downregulation of ␤ 1 -and ␤ 2 -adrenoceptors. Unlike the ␤ 1 -and ␤ 2 -subtypes, ␤ 3 -adrenoceptors lack regulatory phosphorylation sites for G protein receptor kinases (36) and could be relatively resistant to agonist-induced desensitization. Future work will be needed to identify the functional consequences of the alterations in the balance between opposing inotropic influences of these ␤-adrenoceptor subtypes in the failing human heart.
